The preparation of ultra high purity niobium ("UHP-Nb") from commercial starting materials (niobium metal or Nb 2 O 5 ) requires the elimination of all impurities down to the ppm, sub-ppm or even ppb level. This is possible only by application of a complex technology comprising the following essential processing steps:
Introduction
Niobium is a bcc refractory transition metal of group Va of the periodic table. It has a melting point of 2750 K, a density of 8.57 Mg/m 3 and with 9.288 K the highest T c of all superconducting pure metals. Over 95% of all Nb produced world wide (28740 t Nb 2 O 5 in 1997 1) ) is used as an alloying element to steels (HSLA, IF, stainless and heat-resisting steels) and non-ferrous alloys (alloys on the basis of Ni, Ti, Cu, Zr; shape memory alloys, metallic glasses etc.). Only 1-2% is used in the form of Nb-based alloys (NbTi, NbAl, NbZr, NbHf) or pure Nb.
2) Approximately 550 ton/year of high purity Nb 2 O 5 is used world wide, mainly in the production of capacitors, lithium niobate and optical glass.
1) Uses of metallic Nb are mainly in the fields of high temperature and corrosion applications.
The ultra-purification of niobium is primarily of scientific interest. It is aimed mainly at elucidating the intrinsic properties of this important bcc metal, e.g. with respect to its electron structure, superconducting properties, lattice defects and mechanical behavior. Here important new knowledge has been acquired by ultra-purification, see e.g. Refs. 3)-5). This new knowledge, however, opened also the field for new applications of UHP-Nb. [6] [7] [8] [9] In the purification of Nb, three types of impurity elements have to be considered:
(a) Substitutional impurity elements having at high temperature a much higher vapor pressure than Nb, such as alkali metals, Al, Co, Cr, Cu, Fe, Mn, Ni, Si and Ti. These elements can easily be removed by a melting treatment in high or ultra-high vacuum, such as vacuum arc melting (VAM), electron beam melting (EBM) or electron beam floating zone melting (EBFZM). Therefore, especially EBM and EBFZM play a very important role in the preparation of UHP-Nb. It should be mentioned, however, that in EBFZM the redistribution of impurity elements by the floating zone, compared to their volatilization, plays no essential role in the refining process. The distribution coefficients of the most critical elements Ta and W are k Ta = 1.17-1.4 and k W = 1.4-2.0 and thus too close to 1 to allow a significant redistribution by zoning. 10) Instead, a slight enrichment of Ta and W may occur due to preferential evaporation of Nb. (b) Refractory impurity metals having a similar vapor pressure as Nb cannot be removed by vacuum melting. Their removal requires the application of special chemical or physical methods using differences in the thermodynamic properties and/or the kinetic behavior of the impurity element and the host metal or their compounds. Suitable methods are liquid-liquid extraction, halogenation, crystallization from solvents, sublimation, distillation, electrolysis, thermal reduction from the gas phase (CVD) etc. if they yield sufficiently high separation factors. Since in general each method is effective only for one or a special group of impurity elements, often a combination of several methods is required. Special efforts are needed to remove chemically or physically similar elements from the host such as Ta in Nb. For the preparation of UHP-Nb the three most powerful processing routes developed so far are based on liquid-liquid extrac-tion, fused salt electrolysis and iodination, respectively. They will be described in Chapters 2 and 3. (c) The removal of interstitial impurity elements (gases and carbon) requires high temperature annealing treatments in special gas atmospheres and in high or ultra high vacuum which will be discussed in Chapter 4. The residual resistivity ratio R R R = ρ(293 K)/ρ(T → 0 K) (often the value of ρ(293 K)/ρ(4.2 K) is taken as R R R) is a very sensitive and simple method to characterize the purity level of high purity metals. In order to allow a rough estimation of the purity level of Nb, in Table 1 
Purification by Liquid-Liquid Extraction Combined
with Chlorination and Thermal Decomposition of NbCl 5 For investigations of the Fermi surface and the superconducting properties of Nb, single crystals with a R R R ≥ 10000 were needed. 12, 15) EBFZM of commercial Nb rods yielded single crystals mostly having a R R R < 300 which was determined essentially by a few refractory transition metals and by interstitial impurity elements. Quantitative estimations showed that in order to achieve a R R R > 10000 it would be necessary to remove substitutional impurities to below 10 at ppm and interstitial impurities to below 3 at ppm. 15) As mentioned above, in the preparation of UHP-Nb the control of the Ta and W content is a crucial problem due to the chemical and physical similarity of Ta and Nb and due to the low vapor pressure of W. A suitable process to remove Ta and W from Nb is the liquid-liquid extraction. Based on earlier investigations of Higbie et al. 16) and Foos et al. 17) the complex and relatively complicated purification process developed in Dresden comprised the combination of liquid-liquid extraction, chlorination and thermal decomposition of NbCl 5 , followed by EBFZM, decarburization and degassing treatments of the chemically pre-purified Nb. 3, 7, 12, 15, 18, 19) The starting material used was a commercially available pre-refined Nb 2 O 5 containing Ta, Zr, Mo, W and Fe each in the range of 100-700 at ppm (other substitutional impurities were <10 at ppm each).
The liquid-liquid extraction with methyl isobutyl ketone from a weakly acid aqueous solution (2 N HF/2 N H 2 SO 4 ) 10) 0.6-1.4 10) 0.11 4) 0.54 4) 0.22 4) 0.21 10) 0.55 4) 1.3 4) 0.84 4) 1.4 10) 0.25 10) 0.52 13, 14) 0.4-1.1 10) 0.53 12) 0.11 12) In the next step the Nb 2 O 5 was mixed with pure activated charcoal in a stoichiometric amount with respect to CO formation. This mixture was placed into the space between the inner and outer wall of a double-walled quartz tube through which chlorine gas was passed. The chlorination was carried out at 973-1073 K to NbCl 5 . According to the thermodynamic data, at higher temperatures the equilibrium of the reaction Nb 2 O 5 + xC + 5Cl 2 ⇔ 2NbCl 5 + yCO/zCO 2 (1) lies on the NbCl 5 side. However, from kinetic grounds as a by-product NbOCl 3 is formed during chlorination in flowing chlorine gas according to
In order to avoid this undesirable formation of NbOCl 3 , the reaction product was, after the first chlorination, led together with additional chlorine gas through the inner quartz tube which was filled with charcoal thus allowing a quantitative reaction of Nb 2 O 5 to NbCl 5 . The reduction of the NbCl 5 to high purity metallic Nb was carried out by the van Arkel process, i.e. by sublimation of the NbCl 5 and its thermal decomposition on a pure resistance-heated Nb wire 0.5 mm in diameter in vacuum (initial pressure < 0.7 Pa) at 1673-2673 K. In this way rods 5-6 mm in diameter and 250 mm in length were produced. The compact rods had a density approximating the value of the massive metal. One of the advantages of this method is that the niobium does not come into direct contact with any crucible material at high temperature. The growth rate, which could be controlled by the temperature of the hot wire and the partial pressure of NbCl 5 , was in the order of 0.5-1 mm/h (increase in radius). The Nb yield amounted to 40-50%.
The rods could directly be used as the starting material for EBFZM to produce high purity single crystals with predetermined orientation. In most cases, one melting pass in a vacdeposition potentials and concentrations of the impurity elements and on the anodic and cathodic partial current densities of the species.
10) The purification was carried out by electrodeposition of Nb from an eutectic LiF-KF-NaF melt containing 2.5 mol%K 2 NbF 7 (26.2 gLiF-47.0 gKF-10.5 gNaF-16.2 gK 2 NbF 7 per 100 g of electrolyte) at about 1000 K in a nickel crucible under an inert gas atmosphere. The reduction of the Nb 5+ ions occurs in the sequence Nb 5+ → Nb 4+ → Nb + → Nb. The current efficiency is zero at the beginning of the electrolysis for an Nb valence of n = 5 and reaches 100% for n = 4.
10) It has been stated that any oxidation of Nb ions caused by traces of oxygen or water vapor introduced into the 2700 K/4 × 10 −9 Pa, Meyerhoff 24) was able to obtain a R R R value of 22500.
On the basis of the earlier results of Senderoff and Mellors, 22, 23) Schulze in Stuttgart developed an optimized electrorefining process of Nb. 10, 11) The optimization was directed mainly on the purification effect with respect to Ta and W and on the deposition of compact Nb metal having a smooth surface and a low gas content.
The reduction of the impurity concentrations during electrolytic refining in molten salts depends mainly on the relative 2770 K/3 h, R R R values of 16500, 11000 and 6000. By degassing of Nb electrorefined by Senderoff and Mellors 22, 23) at uum of 10 −3 Pa at a speed of 3 mm min −1 proved to be sufficient. The progress in purification over the various processing steps can be seen from the impurity concentrations given in Table 2 which show that Ta and W concentrations < 1 at ppm are obtained. After EBFZM followed by decarburization in a dynamic oxygen atmosphere of 10 −3 Pa at 2400 K/5 h and degassing in UHV at 2600 K/30 h with a final pressure of 5 × 10 −9 Pa, the R R R of the crystals was >10000. The best crystals obtained had a R R R = 80000-90000 (after extrapolation to T → 0, see Chapter 5) pointing at a residual content of interstitial impurities of about 0.4 at ppm and of substitutional impurities of about 2.5 at ppm. 12, 15) 
Purification by Molten Salt Electrolysis
A much simpler but equally effective technology to prepare UHP-Nb is the molten salt electrolysis. Already, in the late sixties, Webb 20, 21) obtained in electrolytically deposited Nb ribbons of 250 µm thickness after an ultra-high vacuum treatment (residual gas pressure 6.7 × 10 −7 Pa) at In this way a mean value of n of about 4 could be maintained throughout the electrolysis. A significant influence of the anode current density on the impurity concentration was not observed. However, the value of the cathode current density was important. Above a critical cathode current density (which was dependent on the temperature) a steep increase in the K and Na concentration in the deposit was observed. Following the pre-refining of the electrolyte, it was possible by means of an initial electrolysis with a reduced current density of j c ≤ 100 A/m 2 for about 40 min to enhance the concentration of the Nb + ions in a layer surrounding the cathode which allowed to decrease not only the concentration of alkali metals in the deposited Nb to 1.4 at ppm K, <0.04 at ppm Na and 0.06 at ppm Li but also that of other impurities by at least one order of magnitude. The effect of this initial electrolysis with a low cathode current density was restricted to one heating cycle of the electrolyte. It had to be repeated at the beginning of every new heating cycle of the electrolyte or-when depositing thick Nb layers in long-time experiments-after about every 10 h. 26) When applying such an initial electrolysis with a low cathode current density, a relatively high value of the electrolyte temperature of about 1073 K may be used (as compared to a value of 1023 K otherwise recommended). At still higher temperature the deposit will not only contain more impurities, especially Na and K, but becomes increasingly dendritic, and above 1123 K the dense and solid structure is lost. The range of optimum conditions for the electrodeposition of UHP-Nb is depicted in the diagram of the cathodic current density vs. temperature in Fig. 2 .
The apparatus used for the molten salt electrolysis is shown in Fig. 3 . The electrolyte volume in this cell is about 0.73 dm 3 (1.4 kg). The following materials have been tested for the cathode substrate rods on which the Nb was deposited: Nb, Cu (pre-treated with respect to low oxygen content and large grain size), Ni, Mo, W, Fe, graphite, stainless steel and CuSn bronze. The material mainly used in the experiments was Cu which was, after electrolysis, etched away with 5 N HNO 3 . Since the cathodic current density is a limiting factor with respect to productivity, in order to increase the mass of Nb deposited per hour, often a Cu tube with 50 mm dia. and 2 mm which were introduced into the electrolyte with the chemicals. In this pre-electrolysis also the adjustment of the desired low mean valence of the Nb ions n ≤ 4.2 10, 11) was achieved by means of the reactions
bath will result in a reduction of the current efficiency of the electrolysis and a steady increase of the Nb-ion concentration. It leads to oxidation of complexed Nb-ions, to corrosion of the crucible material, to the formation of insoluble oxyfluorides and deteriorates the purity of the Nb deposit. Figure 1 shows the relation between the Ta concentration of the cathodically deposited Nb and the Ta concentration in the electrolyte. In the lower curve the experiments were optimized to exclude traces of oxygen. The Ta content of the deposit was shown to depend on the Ta and oxygen content of the electrolyte but not on the Ta content of the anode. The lowest Ta concentration obtained in the deposit was 0.05 at ppm. In Ref. 25 ) it has been reported that a further increase in purity could be obtained by a second electrolysis of the EBFZM-refined rods in an electrolyte of extremely low Ta and W content. Material produced by this technique had impurity concentrations of below 0.3 µg/gTa and 0.01 µg/gW. Three EBFZM passes reduced the content of volatile metallic impurities down to or below the µg/g or even the ng/g level. After EBFZM, decarburization and UHV degassing, the R R R values of 25000 were attained. 25) Induced by these results of Schulze in Stuttgart, 10, 11) also in Dresden the fused salt electrolysis has been studied. 7, 19, 26) As the starting material commercial sintered rods have been used. In order to begin the process already with a metal of relatively high purity, these rods were at first repeatedly (at least three times) remelted in vacuum in a 60 kW electron beam furnace. The main effect of this remelting was, besides the evaporation of other volatile metals, the reduction of the concentration of iron (which is difficult to remove by electrolysis) and oxygen. The main impurities remaining after remelting were (in at ppm): 70-370Ta, 25-190Mo, 10-60W, 8-110Zr, 4-45Fe, 3-35Ni, 500-850O, 90-200N, 80-150C. From the remelted ingots the anode materials were prepared by cold rolling and forging.
The eutectic LiF-NaF-KF electrolyte used contained 16 g of K 2 NbF 7 per 100 g (this electrolyte was preferred against the likewise tested KF-NaF eutectic melt because of its lower melting point). Since the commercially available K 2 NbF 7 contained undesirable concentrations of Ta, it was decided to use K 2 NbF 7 of own production. The preparation was carried out from pure Nb 2 O 5 according to the reaction 27)
The electrolysis was performed at a temperature in the range of 973-1098 K. An in-situ purification of the electrolyte by a preliminary electrolysis was carried out preferably with a current density of j c ≥ 200 A/m 2 for ≥10 h. This treatment led to a pronounced reduction of the contamination by metals having a more positive equilibrium rest potential than Nb
and the second one. After the second electrolysis, the problematic elements Ta and W could no more be detected by instrumental neutron activation analysis. The electrolyte components
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wall thickness was used as the substrate allowing a remarkable increase in the cathodic deposition area. As already mentioned by Schulze, 10) the residual gas composition and thus the properties of the electrolytic cell (i.e. leakage rate, inert gas quality) had an important effect on the impurity concentration of the separated niobium through its influence on the oxidation rate of Nb + ions, the irreversible formation of insoluble niobium oxyfluoride and the solubility behavior of impurities with a more positive standard potential than Nb, e.g. Ni, Mo, and W. In general, the latter elements will go into the anode sludge, whereas elements with a more negative rest potential (e.g. Zr, Ta) will be enriched in the electrolyte. The impurity concentrations found in the cathodic niobium, deposited at 1073 K with j c = 400 A/m 2 , are presented in Table 3 . It is shown that all metallic impurities except iron were removed to below 2 at ppm. For an optimum purity a twofold electrolysis was carried out, using the cathode material of the first electrolysis as the anode material for Table 3 Impurity element concentrations after various steps of the preparation of ultra high purity Nb by electrolysis (in at ppm). 3, 7, 26) Tables 2 and  3 , it can be concluded that both purification methods (liquidliquid extraction and molten salt electrolysis) are able to yield single crystals of comparable high quality.
The concentrations of interstitial impurities in the deposited Nb were in the range of <60 to 7000 at ppm O, <30 to 400 at ppm N, 100 to 2000 at ppm H and <80 at ppm C. The higher concentrations were always caused by insufficient sealing of the apparatus and tended to decrease with increasing time of the electrolysis. By application of HV or UHV principles (UHV-tight sealings, degassing heat treatment of substrate and recipient prior to the electrolysis) and a carefully purified Ar atmosphere with O 2 < 10 vol ppm, oxygen concentrations of <250 at ppm, in some cases of below the detection limit of 60 at ppm (10 µg/g) could be achieved. Very low carbon contents could be obtained if the primary melting of the LiF-NaF-KF electrolyte was carried out in a platinum crucible instead of a graphite crucible.
However, in any case the preparation of UHP-Nb requires additional refining by EBFZM, decarburization and degassing heat treatments (see below). In this way, after EBFZM followed by decarburization in an oxygen atmosphere of 10 −3 Pa at 2400 K/5 h and degassing in UHV at p < 10 −7 Pa, 2600 K/30 h, the R R R of the crystals was >10000. After decarburization and degassing but without EBFZM the electrodeposited Nb exhibited R R R values between 600 and 1500.
In Ref. 8) another process for the preparation of UHP-Nb is described consisting of the following essential steps: -iodination of commercially available crude Nb pellets (diameter 1-5 mm) at 773-873 K, -precipitation of the NbI 5 at 473-523 K whereby the NbI 5 is purified from iodides of trace impurities by the difference in their precipitation temperatures, -separation of NbI 5 from TaI 5 by heat treatment in a reactor under Ar at 623-673 K (the NbI 5 is reduced to NbI 3 or Nb 3 I 8 . TaI 5 which is not reduced and has a higher volatility is transferred to another part of the reactor where it is condensed and cooled. The Ta separation factor was determined to be 10-500), -re-iodination of NbI 3 or Nb 3 I 8 to NbI 5 -thermal decomposition of the NbI 5 which is vaporized at p < 1.3 × 10 −4 Pa/673-823 K on the surface of a Nb metal pellet inductively heated to 1373-1673 K and using Ar as a carrier gas. The UHP-Nb containing 6 µg/gTa and <1 µg/g of other metallic impurities deposits on the surface of the Nb pellet at a rate of a few tens of grams per hour.
Removal of Interstitial Impurities
Nb reacts intensively with gases such as oxygen, nitrogen, hydrogen, water vapor, carbon monoxide and hydrocarbons. The details depend on temperature, partial pressure and time. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] The terminal solid solubilities of C, N, O and H in Nb as a function of temperature are given in Figs. 4(a) and (b). 34) The introduction of nitrogen and hydrogen from atmospheres containing N 2 and H 2 occurs via the reaction steps -adsorption of gas molecules from the gas phase at the metals surface, -dissociation of the molecules and chemisorption of the N and H atoms, -transfer of the gas atoms or ions through the metal surface, -diffusion of the N and H atoms into the bulk forming an interstitial solid solution. For degassing at high temperature, the same reaction steps 12 A. Koethe and J. I. Moench   Fig. 4 Temperature dependence of the terminal solid solubility of (a) H and (b) C, N and O in Nb. 34) as NbO or NbO 2 , a steady state is established (see Fig. 6  36) ), in which the oxygen concentration interstitially dissolved in the metal depends on the oxygen partial pressure in the gas phase, on the reaction probability at the surface and on the temperature. This steady state is connected with a continuous metal loss which may be orders of magnitude higher than that due to the vacuum evaporation of the pure metal. For Nb this type of reaction is important at temperatures > 2000 K and O 2 and H 2 O partial pressures < 10 −2 Pa. Similar curves hold for H 2 O-containing atmospheres. 34) The pick-up of carbon by refractory metals occurs mainly through the adsorption and decomposition of hydrocarbons or CO on the metal surface.
37) The reaction probability z for the irreversible decomposition of hydrocarbons (z is the ratio of the number of molecules decomposed to that impinging on the metal surface) decreases with increasing stability of the hydrocarbon. In the reaction with Nb, z is near 1 for C 2 H 2 , in the order of 10 −2 for C 3 H 8 and about 10 −4 for CH 4 . 37, 38) In group Va metals containing C and an excess of O in solid are passed in the reverse direction. If the number of adsorbed and desorbed molecules per unit of time is equal, a thermodynamic equilibrium between metal and gas phase is reached. The equilibrium concentration of interstitially dissolved nitrogen and hydrogen as a function of pressure and temperature can be described by Sievert's law (valid for an ideal solid solution). For nitrogen it is 36) c . The sign and rate of the concentration change of N in Nb is determined by the concurrent reactions of absorption and desorption described by the equation 36, 38) dc
In the degassing reaction the recombination of N atoms to N 2 molecules at the surface and their subsequent desorption is rate controlling. Due to the exothermic reaction the annealing temperature should be as high as possible below the melting temperature. The removal of N down to or below the µg/g level requires UHV conditions and rather long annealing times in the order of days or even weeks. Figure 5 shows the degassing kinetics of Nb cylinders 1 to 10 mm in diameter on annealing at 2400 K under a N 2 partial pressure of 5 × 10 −9 Pa. 10) Hydrogen can, in principle, easily be outgassed from Nb at relatively low temperatures. For T = 1473 K and p = 0.133 Pa H 2 an equilibrium concentration of about 1 at ppm H can be estimated. 34) However, since the residual gas atmosphere in UHV vessels contains mainly H 2 , after cooling from UHV degassing and after shut-off of the vacuum pumps, due to the high solubility and diffusibility of H in Nb quite large amounts of hydrogen may be re-dissolved in the metal. This hydrogen pick-up will depend on the surface-to-volume ratio of the sample and is favored by the fact that the metal surface in this case is not protected by an oxide layer. A "cold removal" of hydrogen traces from niobium, being especially suitable for thin specimens, was proposed in Ref. 40) . The samples were coated with palladium and subsequently exposed to air at about 420 K for several days. This enabled the complete removal of H through oxidation to H 2 O by the catalytic action of the palladium.
The introduction of oxygen from an O 2 -containing atmosphere occurs in the same way as for N and H, i.e. by the reaction steps absorption-dissociation-chemisorption-diffusion. When excess carbon exists in the melt, only the CO evolution reaction is responsible for the decrease of C and O concentration. Evaporation of Nb oxides or sub-oxides is negligible in this case. The desorption process is second-order implying that the overall reaction rate is controlled by the recombination of C and O on the liquid surface.
Determination of the Residual Resistivity Ratio of UHP-Nb
As mentioned above, in most cases the residual resistivity ratio R R R of metals is taken as the ratio R R R = ρ(293 K)/ρ(4.2 K). This value can easily be measured and will suffice if the purity is not very high. For very pure metals, however, the temperature-dependent resistivity contribution at 4.2 K cannot be neglected. For Nb the ideal resistivity ratio at 4.2 K is ρ i (293 K)/ρ i (4.2 K) ≈ 32000 10) or 34700. 44) Thus for R R R > 10000, an extrapolation to T → 0 K should be carried out. Furthermore, since Nb is superconducting at T < T c = 9.29 K, the measurement of the residual resistivity has to be carried out in a longitudinal magnetic field in order to destroy the superconducting state. This, however, causes a magnetoresistivity contribution which should be corrected for. Therefore, a twofold extrapolation should be carried out: to T → 0 K and to µ o H → 0 T. The low temperature resistivity of UHP-Nb has been carefully investigated by Berthel. 44) In a longitudinal magnetic field the magnetoresistivity saturates at µ o H > 1-2 T. , O 2 and CO, respectively, as a function of temperature. 38) duces oxygen into the metal which must be removed afterwards by UHV degassing. Figure 7 shows the temperature dependence of the final concentrations of H, C, N and O which can be obtained in Nb after degassing treatments at residual partial pressures of 10 −4 PaH 2 , N 2 , O 2 , CO or H 2 O vapor 38) illustrating the necessity of UHV conditions. From liquid Nb the desorption behavior of C and O has been investigated in Ref. 43 ) using an electromagnetic leviand for degassing in an O 2 atmosphere by the equation
The decarburization in a low pressure O 2 atmosphere intro-
, decarburization can occur via combination of C and O atoms at the surface and evaporation of CO and NbO x occuring concurrently.
38) The ratio of CO to NbO x formation depends on the oxygen coverage of the metal surface. Volatile oxide formation will prevail at low oxygen coverage. Decarburization by this process is, however, only possible down to a critical residual carbon concentration in the order of 10-40 at ppm.
10) The most effective decarburization can be achieved by annealing in a low pressure oxygen gas stream removing the carbon via CO formation. This may be carried out for Nb at a pressure of 10 −2 -10 −3 Pa O 2 at 2300 K (the ratio of CO and O 2 partial pressures p CO / p O 2 should be <0.1 15) ) and requires even for thin samples at least four hours 10) to obtain C concentrations < 1 at ppm. For decarburization of Nb through CO formation from dissolved C and O, the final C concentration can be estimated from the equation 30, 39, 41, 42) x [C] 
Conclusions
It has been shown that in the preparation of UHP-Nb the processing routes (1) liquid-liquid extraction of Nb 2 O 5 with MIBK/chlorination of the oxide/distillation of NbCl 5 /thermal decomposition to metallic niobium and (2) molten salt electrolysis using LiF-NaF-KF melts containing K 2 NbF 7 are both effective in removing the critical elements Ta and W to below 1 at ppm. For ensuring the success of the less complicated molten salt electrolysis, some special steps are recommended: -a pre-purification of the Nb anode material by remelting in an electron beam furnace, -a purification of the electrolyte from more noble elements by an initial electrolysis with j c ≥ 200 A m −2 , -the adjustment of the desired mean valence of 4 of the Nb ions by means of a reduced cathodic current density of j c < 100 A m −2 , -the strict avoidance of traces of oxygen or water vapor in the electrolysis cell and -the use of Ni as the structural material for all parts which come into contact with the electrolyte. The refining electrolysis is carried out preferentially at 1023 K with a cathodic current density of 500 A m −2 . In this way, after EBFZM, decarburization in an oxygen atmosphere at about 10 −2 -10 −3 Pa and a final degassing in ultrahigh vacuum, extrapolated R R R values of more than 10000 could consistently be obtained, the best value being about 90000. tal points have already been corrected for the magnetoresistivity using the aforementioned correction factors. The extrapolation of the straight lines to T 2 → 0 yield r o = 1.9 × 10 −5
and r o = 6.2 × 10 −5 or R R R = 52000 and 16100, respectively. At 4.2 K the resistivity ratio of these two crystals is about 21000 and 11000, respectively, illustrating that, for obtaining the real R R R, the proposed extrapolations are necessary.
Preparation of Ultra High Purity Niobium 15 9 Temperature dependence of the ideal resistivity ratio r i of Nb. The points in the upper part indicate the differences between experiment and eq. (11). 44) 
